We have developed a convenient method to visualize triacylglycerol-filled lipid droplets (LDs) in some species of bacteria, algae and fungi by staining with borondipyrromethene difluoride (BODIPY). When BODIPY was excited by blue light, LDs emitted green fluorescence, which was distinguished easily from the red autofluorescence of chloroplasts. This makes BODIPY staining suitable for the identification of small amounts of LDs, especially in plants. We first ensured that in Chlamydomonas reinhardtii cells growing in nitrogen-replete (+N) and -deficient (-N) media, the spots of BODIPY-stained LDs coincided with those of Nile Red-stained LDs. In addition, it was shown that the LD content per cell in N-starved cells was 200-fold higher than those of the control (+N) using a video-intensified microscope photoncounting system (VIMPCS). BODIPY staining was applied to visualize LD in bacteria, algae and fungi, and included those algae regarded as nonoleaginous. We identified LD spots in unicellular and multicellular bacteria and eukaryotes, namely Cyanidioschyzon merolae, Cyanidium caldarium delta, Chlamydomonas reinhardtii, Klebsormidium nitens and Penicillium sp., but not in Anabaena flos-aquae. We also examined the relationship between the contents of LDs and the genome size in the algae and fungi using VIMPCS but were unable to find a strong relationship between genome size and production of LDs. Finally, the location of LDs was considered in relation to organelles including the endoplasmic reticulum and chloroplasts, which are related to the formation of LDs.
species that are ascertained to be oleaginous (e.g., Neochloris, Nannochloropsis, Dunaliella, Botryococcus spp.) and focus on extracting and processing their oils. However, these algae have been developed without molecular-genetic manipulation. Since C. reinhardtii is currently one of the best-developed resources for algal molecular-genetic analysis and manipulation, it could serve as an important model organism for algal biodiesel research (Wang et al. 2009 , Goodson et al. 2011 . Wang et al. (2009) demonstrated using Nile Red staining (Fowler and Greenspan 1985) that when C. reinhardtii is deprived of nitrogen in liquid culture, the cells produce abundant cytoplasmic lipid bodies (LBs). After 48 h of nitrogen starvation in the presence of acetate, the wild-type LB content increases 15-fold.
As summarized in previous reports (Matsuzaki et al. 2004 , Misumi et al. 2005 , C. merolae cells offer unique advantages for the study of organelle distribution and division. This is because they do not have a rigid cell wall, and each cell contains just 1 nucleus, 1 mitochondrion and 1 plastid, divisions of which can be highly synchronized by light/dark cycles. The alga is also small in size, being 1.5 μm in diameter, and has the smallest genome of all photosynthetic eukaryotes. It contains a minimal set of single membrane-bounded compartments: 1 Golgi apparatus, 1 endoplasmic reticulum (ER), 1 microbody (peroxisome) and a few lysosomes. In addition to the identification of 100% of its genome sequence (Nozaki et al. 2007 ), development of microarray technology (Fujiwara et al. 2009 ), proteome analyses (Yoshida et al. 2006 ) and gene manipulation (Ohnuma et al. 2008 have also been completed. C. merolae and species such as C. reinhardtii could serve as important model organisms for algal biodiesel research through molecular-genetic manipulation.
Nile Red staining is generally used to visualize algal lipid droplets (LDs). The Nile Red signal is captured using a laser excitation line at 488 nm, and emission is collected between 560 and 600 nm. Chlorophyll fluorescence is captured using a laser excitation line at 633 nm, and emission is collected between 620 and 700 nm. Images are merged and pseudocolored using the prepared confocal software. Nile Red emits yellow-orange and yellow-red fluorescence after exciting with blue and green lights, respectively. On the other hand, when BODIPY is excited by blue light (460-490 nm), LDs emit green fluorescence (510-540 nm) (Karolin et al. 1994) , which is distinguished easily from the red autofluorescence of chloroplasts. When the BODIPY-stained cells are excited with green light, the LDs do not emit fluorescence. BODIPY staining is suitable for identifying the size and location of LDs in the cell. We have applied the method to identify the size and location of LDs in bacterial, algal and fungal cells, and examined the relationship between the content of LDs and genome size.
Materials and methods

Culture
C. merolae and C. caldarium delta cells were cultured in 45 ml of modified Allenʼs medium (Kuroiwa et al. 1993 , Terui et al. 1995 . Unknown unicellular and multicellular bacteria, Anabaena flos-aquae and Klebsormidium nitens cells were collected from goldfish droppings and from the surface of an aquarium, respectively; and Penicillium sp. cells were collected from the surface of mold growing on oranges and apples, respectively. An unknown Penicillium sp. growing with C. merolae and C. caldarium delta in an extreme environment (pH 2.0, 30-45°C) was collected from Allenʼs medium. C. reinhardtii wild-type strain c-9 was grown at 23°C under continuous light (approximately 40 μmol photons m -2 s -1 ) on 1.5% TAP (tris-acetate-phosphate) agar plates containing 8 mM ammonium chloride. Cells were collected by platinum loop 7 days after inoculation, and transferred to fresh TAP plates: nitrogen-containing (+N), and nitrogen-deficient (0.8 mM nitrogen: -N), respectively. After 5-7 daysʼ incubation, cells were picked up with a pipette tip and processed immediately for microscopic observation.
Fluorescence microscopy
To observe LDs by utilizing Nile Red, a 5 μl Nile Red solution (1 μg/ml) dissolved in TAN buffer (20 mM Tris-HCl, 0.5 mM EDTA, 1.2 mM spermidine) was placed onto a clean glass slide, then samples were put into the solution and covered with a coverslip whose edges were sealed with nail polish. To observe LDs by utilizing BODIPY, cells were stained for 20 min with 1 μg BODIPY in TAN buffer. BODIPY was first dissolved in ethanol (0.1 mg per ml) and then diluted with TAN buffer. A 5-μl aliquot was placed onto a clean glass slide, the samples were put into the aliquot, mixed adequately and covered with a coverslip, and new BODIPY was added to the samples from the edge of the coverslip. The edges of the coverslip were sealed with nail polish. In the case of double staining, 3 μl Nile Red solution was mixed with 3 μl BODIPY in TAN buffer and the aliquot was used as staining solution. LDs were visualized as yellow-green fluorescence (550 nm) by blue light excitation (488 nm) after staining with BODIPY. To observe the DNA, cells were fixed for 1 min with 1% (w/v) glutaraldehyde in TAN buffer and stained with 1 μg/ml 4′, 6-diamidino-2-phenylindole (DAPI) for 5 min according to the methods of Kuroiwa and Suzuki (1980) and Imoto et al. (2010) .
Images were viewed using an epifluorescence microscope (BX51; Olympus, Tokyo, Japan) with a 3CCD digital camera (C7780; Hamamatsu Photonics, Hamamatsu, Japan) under ultraviolet excitation for DAPI, blue excitation (for Nile Red and LDs) or green excitation (for chloroplast autofluorescence, Nile Red). The intensity of fluorescence of LDs and DAPI-stained DNA was quantified using a video-intensified microscope photon-counting system (VIMPCS), as described previously (Kuroiwa et al. 1986 , Imoto et al. 2011 .
Results and discussion
Identification and characterization of LDs in nitrogen (N)-replete (control) and N-starved C. reinhardtii cells after double staining with Nile Red and BODIPY
The cells of C. reinhardtii were cultured for 5-7 days on plates of control (+N) and nitrogendeficient (-N) medium in order to detect LDs in the cells (Fig. 1) . The control and N-starved cells showed green and pale green on plates, respectively. For single BODIPY staining, the control and N-starved cells were mixed, stained with BODIPY and excited with blue right ( Fig. 1(a 
. In a control cell, 1 small yellow-green fluorescence spot of LD was observed in the cytoplasm at the periphery of a red autofluorescence-emitting chloroplast. The red autofluorescence light of the chloroplast could be removed with a band pass filter (510-550 nm) ( Fig. 1(b) , (e), (h)). The LD spot did not appear under green excitation ( Fig.1(c) ). Similar events occurred in N-starved cells, although these produced abundant LDs, which increased remarkably in size and number ( Fig. 1(a) - (c)). To check these results, BODIPY-stained LDs were stained with Nile Red, and control and N-starved cells were double-stained with Nile Red and BODIPY. A small spot in the cytoplasm of the control cell appeared after blue light excitation ( Fig.  1(d) , (e)), and its location was in accordance with the LD that appeared after exciting with green light for Nile Red ( Fig.1(f) ). In the N-starved cell, the number and size of LDs per cell increased remarkably ( Fig. 1(g )-(i)). The LDs of yellow-green ( Fig. 1(g) ), green ( Fig. 1(h) ), and red fluorescence ( Fig. 1(i) ) were observed under blue, blue, and green excitations, respectively. Wang et al. (2009) have demonstrated that Nile Red-stained LDs contained 90% triacylglycerol and 10% free fatty acids (FFA). The results suggest that BODIPY-stained LDs contain triacylglyceride and FFA.
Estimation of green fluorescence intensity from LDs in control and N-starved cells after staining with BODIPY
Smaller and larger amounts of green fluorescence of LDs were evident in the cell interior by use of blue excitation and blue filter to cut the red fluorescence of chloroplasts, and thus the exact amount of lipids per cell could be measured ( Fig. 1(b) , (e), (h)). The results showed that the LD content in N-starved cells increased more than 200-fold after 6 days (Table 1) . After 48 h of N starvation in the presence of acetate in liquid cultures, the wild-type LB (LD) content increased 15-fold (Wang et al. 2009 ). The rate of increase of LDs in the N-starved culture may be higher in plate culture than in liquid culture, although precise comparisons will be required.
Application of BODIPY stain to prokaryotes
To examine LDs of prokaryotes, we stained prokaryotes such as unknown unicellular bacteria ( Fig. 2(a)-(d) ), multicellular bacteria ( Fig. 2(e) -(h)) and a cyanobacteria (A. flos-aquae) (Fig. 2(e) -(h)) with BODIPY. Small spots of 400 nm in the diameter of LDs failed to appear in some bacteria, including Escherichia coli (data not shown), but could be seen on a part of the bacterial nuclei (nucleoids) in unicellular bacteria ( Fig. 2(a)-(d) ). The multicellular bacteria contained small LDs lined up in a column on the nucleoids, but the cyanobacteria (A. flos-aquae) did not contain LDs (Fig.  2(e)-(h) ). 
Application of BODIPY stain to algae and fungi
The BODIPY stain was applied to red algae (C. merolae ( Fig. 3(a), (b) ) and C. caldarium delta (Fig. 3(c) , (d)); to green algae (C. reinhardtii (Fig. 3(e)-(h) ) and K. nitens (Fig. 3(i) , (j)); and to fungi, Penicillium sp. (in the same medium as C. merolae and C. caldarium delta) (Fig. 3(k), (l) ), Penicillium sp. (from an orange, Fig. 3(m) , (n)) and Penicillium sp. (from an apple, Fig. 3(o), (p) ). All photographs were taken at the same magnification. LDs in C. merolae cells were identified as 1-2 small round spots about 430-550 nm in diameter. When the cells had been stained for long time, the nuclear envelope also appeared as a circle and the LDs were seen to be associated with the envelope (Fig. 3(aI), (aII), (aIII) ). Under phase-contrast microscopy, 1 LD was often associated with a bright spot in the cytoplasm near the cell nucleus (Fig. 3(bI), (bII), (bIII) ). Since such bright spots coincide with calnexin-stained peripheral ER as shown by Yagisawa et al. (2012) , these results suggest that LDs in C. merolae cells are not associated with chloroplasts but with ER, with the nuclear envelope, or with both. Furthermore, LDs of C. caldarium were similar to those of C. merolae but numbered 1-3 (Fig. 3(c), (d) ). As the cell walls in C. caldarium delta were thick, it was difficult to observe the connection between LDs and any organelles (Fig. (3cI) ). The nitrogen-replete cells of C. reinhardtii usually contained 1 LD (Fig. 3(e) , (f)) similar in size to the primitive red algae. LDs were found to be associated with chloroplasts in almost all cells (Fig. 3(e), (fI) ). The number and size of LDs increased remarkably during N starvation, as shown above (Fig. 3(g), (h) ). As they began to increase, they were seen to be associated with the periphery of the chloroplast (Fig. 3(gI) ). When the cells were filled with LDs, some LDs became separated from the chloroplasts, whose shape changed from irregular to roundish (Fig. 3(gII) ). Similar processes occurred in cells of the multicellular algae K. nitens (Fig. 3(i), (j) ). Further analysis of LD formation in this alga will be easy, as the cells form a chain-like multicellular structure, each cell containing 1 irregular-shaped chloroplast. Small LDs were connected with the periphery of the chloroplast (Fig. 3(j) ) and increased in size with the growth of the cell; finally some of the LDs were left from roundish chloroplasts (Fig. 3(i) ).
We examined 3 species of ascomycetes for LDs. All mycelia and spores contained LDs (Fig. 3  (k)-(p) ). Small amounts of LDs were observed in Penicillium sp. cells living in extreme environmental conditions (pH 2.0, 42°C) ( Fig. 3 (k), (l) ). LDs in Penicillium sp. cells growing on an orange were observed in mycelia and football-shaped spores, and many LDs moved from the cytoplasm to the exterior of the cells (Fig. 3(m) ). We found that the cells of Penicillium sp. growing on an apple produced a large amount of LDs, which could be seen in the mycelia and spores (Fig. 3(o), (p) ).
From these results, 2 patterns of LD storage in algal and fungal cells are suggested. One type, found in organisms such as C. merolae, C. caldarium delta, C. reinhardtii and K. nitens, show that LDs are produced in the cytoplasm and stay in the cell interior. We designate such cells as having an intracellular LD storage type. The other type, such as that found in the Penicillium sp. growing on an orange and in Botryococcus braunii (Metzer and Largeau 2005) , is characterized by the production of LDs in the cytoplasm, being released from the cytoplasm to the outside of the cells. We designate these as having an extracellular LD storage type. It may be appropriate to select those having extracellular storage for extracting and processing their oils.
Relationship between the contents of LDs and genome sizes in algae and fungi
As in the preliminary experiments, B. bruni cells, which produce a lot of lipids and had a large genome size (unpublished data), we examined relationship between the content of LDs and the genome size in various organisms. The DAPI stain has been applied to visualize cell nuclei in C. merolae (Fig. 4(a), (aI), (b) ), C. caldarium delta (Fig. 4(c) , (cI), (d)), C. reinhardtii (Fig. 4(e)-(h) ), K. nitens (Fig. 4(i), (j) ), Penicillium sp. (in the same medium as C. merolae and C. caldarium delta) (Fig. 4(k), (l) ), Penicillium sp. (on an orange) (Fig. 4(m) , (n)) and Penicillium sp. (on an apple) (Fig. 4(o) , (p)), and their images are arranged at the same magnification. The DNA content increased in this order: red algae, fungi and green algae. Even when the LD content in the N-starved cell of C. reinhardtii increased markedly, the amount of nuclear DNA in the N-starved cell (Fig.  4(g) , (h)) was similar to that of the N-replete cell (Fig. 4(e), (f ) ). There was a similar relationship between DNA and LDs in Penicillium sp. The Penicillium sp. grown on an apple contained a large amount of LDs in the mycelia and spores as compared with other Penicillium sp. cells, but the amount of DNA in its cell nuclei was not larger than those of other fungi.
This correlation was confirmed by examination of the DNA contents by the VIMPCS system after staining with DAPI (Table 2) . When genome size (16.5 Mbp) of cell nucleus in C. merolae was used as a standard, the genome sizes of C. caldarium delta, C. reinhardtii (control), C. reinhardtii (N-starved), K. nitens, Penicillium sp. in the medium used for C. merolae and C. caldarium, Penicillium sp. (from the orange) and Penicillium sp. (from the apple) were 20.6 Mbp, 118 Mbp, 122.9 Mbp, 310.8 Mbp, 57.5 Mbp, 69.1 Mbp and 66.3 Mbp, respectively. As the GC content of these algae and fungi is unknown (except for C. merolae and C. reinhardtii), these are rough values and must be compensated strictly when the GC content is recognized. However, the results suggest that there is not a strong relationship between the genome size and the amount of LDs in the algal and fungal cells.
Structural correlates of LDs and other organelles in cells
A scheme showing the relationship between the location of LDs and other organelles in cells through evolution is summarized in Fig. 5 . The bacterial LDs are located on or near their nucleus Positional correlation between LDs and organelles throughout evolution. Bacterial LDs do not associate with the cell membrane but with bacterial nuclei (nucleoids). In primitive eukaryotic cells such as Cyanidioschyzon merolae, LDs are not associated with the chloroplast but with cell-nuclear ER (nuclear envelope) or peripheral ER extending from the nuclear ER. The association of LDs and ER can be visualized in animals (Suzuki et al. 2011 ) and fungi. In this experiment, P. expancium (orange) cells release LDs from cytoplasm to the outside of the cells. Association of LDs and chloroplasts can be visualized in green algae such as C. reinhardtii and K. nitens. The association of LDs, ER and chloroplasts is identified in C. reinhardtii (Goodson et al. 2011) . The green alga B. braunii cells releases LDs from the cytoplasm to the outside of the cells (Metzer and Largeau 2005) . While starch grains are observed in the cytoplasm of animals, fungi and red algae, they are also found in the chloroplasts of green algae. Therefore, when 1 considers the supply of materials to LDs, it is reasonable that LDs in green algae associate with both ER and chloroplasts. The association of LDs and ER is universal in eukaryotes and then association of LDs, ER and chloroplasts develops in green algae. The release of LDs from the cytoplasm is found in both green algae and fungi. BN, bacterial nuclei; CHL, chloroplasts; CN, cell nuclei; ER, endoplasmic reticula; LD, lipid droplets; M, mitochondria; SG, starch grain.
(nucleoids). Since most LDs in animal cells (Suzuki et al. 2011) , red algae ( Fig. 3(a) ) and green algae (Wang et al. 2009 ) are associated with ER, the association of LDs and ER originated in the putative eukaryote. Plants have 2 types of chloroplasts: one type produces starch grains in the cytoplasm on the outside of chloroplasts. This type can be seen in red algae such as C. merolae and C. caldarium (Kuroiwa et al. 1994 , Miyagishima et al. 1999 . The other type can be seen in green algae and plants, and these produce starch grains in the chloroplast. Goodson et al. (2011) have already proposed a relationship between ER and the chloroplast during LD formation. When 1 considers the supply of materials such as starch to the LDs, it is reasonable to think that in green algae the LDs are associated with both ER and the chloroplasts. C. merolae represents one of the best-developed resources for algal molecular-genetic analysis and manipulation as described above. Sato and Moriyama (2007) have reported the detailed results of biochemical as well as genomic analyses of lipids and fatty acids in C. merolae. Since it has been proved in this experiment that the primitive red algal cells contain LDs which associate with the nuclear envelope and ER, they could serve as important model organisms for LD formation and algal biodiesel research.
